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Thin current sheets with half-widths in the range of about 10 or less ion inertial lengths �or ion
gyroradii� have been identified as the sites of important dynamical phenomena in space plasmas.
Recent space observations established that thin current sheets often have a bifurcated
�double-peaked� current density. Earlier suggestions of possible bifurcation mechanisms are based
on the presence of microfluctuations, magnetic reconnection, or a normal magnetic field component
or assumed simplified models of adiabatic dynamics. Despite these efforts, the cause �or causes� of
the formation of thin bifurcated current sheets and the conditions under which they form have
remained unclear. In this paper, we identify quasisteady compression of a plane, initially wide
collisionless current sheet as an effective physical mechanism for the formation of thin bifurcated
current sheets. Our main tool is electromagnetic particle simulation. The initial sheet has a singly
peaked current and a half-width that is five times larger than the ion inertial length. This sheet is
quasisteadily compressed by external forces. A three-scale structure develops and the current
bifurcates during compression. It is shown that the bifurcation, pressure anisotropy, and other major
properties of the embedded current sheet can be understood in terms of basic physical principles,
such as electric field shielding and momentum conservation. Sufficient conditions for bifurcation of
symmetric current sheets are presented. They suggest that bifurcation must generally occur by
quasisteady compression if the �singly peaked� initial current sheet is sufficiently wide. © 2008
American Institute of Physics. �DOI: 10.1063/1.2907359�

I. INTRODUCTION

Current sheets are widely regarded an important element
of dynamical processes in space and astrophysical plasmas.
This view is based on in situ space observations,1–4 on mag-
netohydrodynamic �MHD� considerations and simula-

tions,5–12 and on hybrid13,14 and kinetic simulations.15–20 For
a comparative simulation study, see Ref. 21. In particular,
current sheets that are sufficiently thin have been identified
as sites of magnetic reconnection,4,6,8,22 which is largely be-
lieved to be a central building block of magnetospheric and
solar activity �see, for example, Refs. 23 and 24�. Recent in
situ evidence demonstrated magnetic reconnection occurring
in the turbulent plasma of the Earth’s magnetosheath.25

Recent high-resolution spacecraft observations have re-
vealed that in a substantial fraction of thin current sheet ob-
servations, the sheet current is bifurcated in the sense that the
current density has more than one, mostly two, pronounced
peaks. �Note that this feature is to be distinguished from
current sheet bifurcation in the sense of statistical mechanics
�see, for example, Ref. 26�.� Hoshino et al.27 presented evi-
dence for current sheet bifurcation in the distant magnetotail.
Asano et al.28,29 used GEOTAIL data to investigate current
sheets that develop in the near-Earth magnetotail during sub-
storm growth phases. Typically, current sheets with the larg-
est current densities were found to be bifurcated. CLUSTER
data were used by Runov et al.30,31 in a similar study of
magnetotail current sheets located near 19 Earth-radii geo-
centric distance. They found bifurcation in 5 of 30 current
sheet observations. Also the current sheet in the magneto-
sheath that was studied in detail by Retinó et al.25 shows a

bifurcated structure. In these and further observations, typi-
cal scale lengths generally were reported to lie in the range
of a few to 10 ion inertial lengths or ion gyroradii �computed
with the external magnetic field�.

In some of the observations, the bifurcation has been
attributed to magnetic reconnection occurring in nearby re-
gions of the current sheet �see, for example, Ref. 27�. Also
particle simulations of magnetic reconnection typically show
this feature downstream of the reconnection site.15,17,20 How-
ever, there are other cases with no evidence for a direct as-
sociation with reconnection. For example, Runov et al.31

classified only one of their five bifurcation cases as resulting
from reconnection.

Another possible mechanism is the presence of microtur-
bulence modifying the current profile. For lower-hybrid-drift
turbulence, current bifurcation was demonstrated by Daugh-
ton et al.32 and Ricci et al.33

Quasisteady evolution was suggested as a further bifur-
cation mechanism by Zelenyi et al.34 using a simplified de-
scription of adiabatic dynamics. In a detailed later study,35 a
magnetic field component normal to the current sheet was
incorporated.

Despite these results, the process that forms thin current
sheets embedded in wider sheets and the conditions under
which the current becomes bifurcated have remained largely
unclear. It is the aim of this paper to tackle these questions
on the basis of an electromagnetic collisionless particle
simulation. We will demonstrate that quasisteady compres-
sion of a plane sheet, which is wide initially, leads to both
features, an embedded current structure on ion and electron
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scales and current bifurcation. Neither reconnection nor tur-
bulence nor a normal magnetic field component are required.
We isolate the present scenario from others by keeping the
sheet strictly one-dimensional spatially; all three velocity
components are taken into account.

In this paper, we opted for a thorough discussion of a
single simulation. This allowed us to identify the main rea-
sons for the formation of bifurcated thin current sheets by
quasistationary compression. These results in turn led to a
theoretical analysis resulting in bifurcation criteria valid for
much wider choices of parameter sets than could have been
covered by further simulations without severely exceeding
the scope of this paper.

II. SIMULATION MODEL AND INITIAL CONDITION

Dimensionless quantities are employed throughout the
analysis. Densities are normalized by a typical density ñ in
the current sheet, the magnetic field by its initial asymptotic

value B̃. Ions are assumed to be protons �mass mi=mp�
throughout, and the length scale is the ion inertial length
c /�i, with �i=�e2ñ /�0mp the ion plasma frequency evalu-
ated for the reference density. Velocities are measured in

units of the ion Alfvén velocity vA= B̃ /��0mpñ based on the
reference magnitudes of magnetic field and density. The

electric field unit is Ẽ=vAB̃, the pressure is measured by

units of p̃= B̃2 /�0, and the current density is normalized by

J̃=�iB̃ /c�0. The time unit is the Alfvén time c /�ivA, which

coincides with the ion gyrotime mp /eB̃.
The initial magnetic field is chosen as a Harris sheet.36 It

has an x component only, which is of the form

Bx0 = tanh� z

5
� , �1�

implying an initial current sheet half-thickness of five ion
inertial lengths. For each species s the initial pressure tensor
is isotropic and has diagonal components p0s. The ion-
electron mass ratio is chosen as mi /me=25, the temperature
ratio is Ti /Te=5, and vA /c is set to 0.1. A total of 2.5�107

macroparticles are employed in the calculation.
The system evolution is modeled by a �spatially� one-

dimensional version of our particle-in-cell code.17 Particle
orbits are calculated in the electromagnetic fields, and the
electromagnetic fields are integrated by an implicit method
on a grid composed of 2000 cells in the z directions. Driving
boundary conditions are employed symmetrically at the up-
per and lower boundaries located at z= �40, in a manner
similar to that used by Birn and Hesse.37 The electric field
profile is shown in Fig. 1. It leads to a compression along the
z axis. The simulation is run until t=400, corresponding to
40000 time steps, in order to achieve sufficient relaxation
into a new equilibrium. No smoothing is applied within the
model or to the results; however, in order to reduce noise, the
code output is averaged over 40 /�e, centered at the time of
interest.

III. RESULTS AND INTERPRETATION

Figure 2 shows several quantities initially �thin lines�
and after 400 Alfvén times �thick lines�. Plotted are the mag-
netic field component Bx, the pressure tensor component pzz

�sum of ion and electron contributions�, and the total pres-
sure ptot=Bx

2 /2+ pzz. The compression is manifested by the
increase of gradients and of the maximum values of Bx and
pzz and of the total pressure. The asymptotic magnetic field
magnitude has increased by a factor of 1.3. The compression

FIG. 1. Time profile of the driving electric field.

FIG. 2. Shown are Bx, pzz, and ptot vs z initially �thin lines� and after 400
Alfvén times �thick lines�.
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is slow and can be approximated by a sequence of quasiequi-
librium states. This is indicated by the �approximate� con-
stancy of ptot and the smallness of the z component of the ion
and electron velocities �Fig. 3�. The components vyi and vye

show double-peaks, which leads to a corresponding bifurca-
tion of the y component of total electric current density Jy

�Fig. 4�. The other components of the current density are
negligibly small.

Another characteristic feature is pressure anisotropy.
Figure 5 gives the diagonal components of the ion and elec-
tron pressure tensors �full lines�. The presence of significant
anisotropies is obvious. The nondiagonal components �not
shown� are much smaller than the diagonal components and

we will ignore them from here on. The current sheet shows
three distinctly different regions: a gyrotropic external region
and nongyrotropic ion and electron regions, as described be-
low. Although a similar triple structure arises in magnetic
reconnection processes �see, for example, Ref. 17�, it should
be noted that in our case the ion and electron regions do not
play the role of diffusion regions.

A. The gyrotropic region

Sufficiently far away from the center �z=0�, we can ex-
pect the plasma to be approximately gyrotropic. The �nondi-
mensional� initial thermal ion gyroradius in the asymptotic
magnetic field is 0.91, while the scale length of the initial
equilibrium is 5. This suggests the following approximate
picture. For each species s, the gyration conserves the pres-
sure tensor isotropy perpendicular to the magnetic field, such
that pyys= pzzs. Further, for each species the particle number
and the magnetic moment are conserved in each flux tube. As
there is no compression in the x direction, pxxs scales as the
density. This implies the following gyrotropic model:

Bg�z� = bBx0�bz� , �2�

ng�z� = bn0�bz� , �3�

pxxs
g �z� = bp0s�bz� , �4�

pyys
g �z� = pzzs

g �z� = b2p0s�bz� , �5�

Jys
g �z� = b2Jy0s�bz� , �6�

where the superscript g stands for gyrotropic and b denotes
the relative increase of the magnetic field strength at the
boundary by external action, b=Bx�zb� /Bx0�zb�, with zb being

FIG. 3. Ion and electron bulk velocity components after 400 Alfvén times.

FIG. 4. The electric current density Jy and the magnetic field Bx after 400
Alfvén times and the corresponding gyrotropic model curves.

FIG. 5. �Color� The ion and electron pressure tensors �full lines� after 400
Alfvén times and the corresponding gyrotropic model curves �broken lines�.
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the �positive� location of the boundary. Total pressures and
current density are given by the sums of the ion and electron
contributions, for example Jy

g=Jyi
g +Jye

g . The initial quantities
are specified in Sec. II. The pressure law �5� can be under-
stood as an adiabatic fluid compression with two degrees of
freedom, corresponding to an adiabatic index �=2, while Eq.
�4� describes isothermal conditions ��=1�. Figures 4–6 show
that for sufficiently large �z�, the actual quantities are indeed
reasonably approximated by the gyrotropic model expres-
sions �2�–�6� evaluated with the present value b=1.3.

B. The ion and electron regions

Figures 4–6 indicate a rather rapid transition from the
gyrotropic regime to a different regime, where deviations
from the gyrotropic model occur. �Bx shows a less pro-
nounced transition, because the change is in the slope.� A
significant ion in-plane anisotropy �pyyi�pzzi� occurs in �z �
�z*	3. We expect that z* can roughly be identified with the
thermal ion bounce half-width di, which from the simulation,
including the effect of the electric field, is obtained as 2.6.
�The bounce half-width is the one-sided maximum excursion
along z of a thermal particle with vanishing y component of
the canonical momentum, i.e., the orbit is centered at the
origin.�

There is a corresponding electron region. Its boundary is
located near �z � =0.8, in good agreement with the electron
bounce half-width de=0.84.

In both cases, the scale is considerably larger than the
corresponding inertial scale, which is c /�pi=0.89 and
c /�pe=0.18. Therefore, we suggest that z* is determined by
ion bouncing. As expected, in the ion region there is an elec-
tric field Ez �Fig. 7� that exerts an inward-directed force on
the ions, which is necessary for quasineutrality to be main-

tained. This electric field gives rise to Hall currents, to be
discussed further below. The electric field Ez smoothly con-
tinues into the electron region before it suddenly decreases to
virtually zero, so that there is a small but finite region where
the electric field becomes negligibly small. We interpret this
effect as electric shielding in a subregion of the electron
region where both particle species are unmagnetized and not
subject to additional forces. Electron shielding effects have
been observed in several previous simulations as well.17

C. Current bifurcation

A major feature brought out by the present simulation is
current bifurcation, which is seen in the total current density
�Fig. 8� but also in the ion and electron current densities
separately �Fig. 6�. We now demonstrate that total current
bifurcation can be understood as an immediate consequence
of electric field shielding, while ion current bifurcation is
directly related to momentum conservation. For dealing with
the total current density Jy, let us assume that the electron
region not only shields Ez but also the Ey component associ-
ated with the temporal evolution. As that evolution is kept
rather slow, Ey is very small so that the simulation does not
give reliable values. But we can easily test that assumption
because it would mean that in the shielding region the mag-
netic field component Bx must remain unchanged. That this is
the case is shown in Fig. 9. Near the origin, the magnetic
field Bx closely coincides with the initial field. The shielding
causes the slopes of Bx and B0x to agree at the origin. There-
fore, the corresponding current densities must also be equal
at the origin:

FIG. 6. �Color� The ion and electron current densities initially �broken lines�
and after 400 Alfvén times and the corresponding gyrotropic model curves
�full lines�.

FIG. 7. The electric field component Ez and the corresponding potential �
after 400 Alfvén times. The smoothness of the potential curve is due to the
numerical integration alone; there is no additional smoothing.
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Jy�0� = Jy0�0� . �7�

This feature is seen in Fig. 8. As due to the compression the
current density has increased substantially above Jy0�0� just
outside the ion region, there must be a sharp dip of Jy to
reach its initial value at the origin. This explains bifurcation
of the total current density. Note that the current peaks can-
not lie outside the ion region as the initial current density and
therefore the gyrotropic approximation �6� vary monotoni-
cally in each half-space.

Let us now turn to the ion current bifurcation. Hesse
et al.38 have shown that for a Vlasov plasma consisting of
electrons and singly charged ions, global momentum balance
can be expressed in the form

d

dt



V

dVJi =
mi

me + mi
�me

mi

dI

dt
+ eM� , �8�

d

dt



V

dVJe =
mi

me + mi
�dI

dt
− eM� , �9�

where M is the momentum flux through the boundary of the
domain V and I is the integrated current

I = 

V

dVJ . �10�

In the present case, M vanishes, because the contributions to
the surface integral either cancel by symmetry �with respect
to z dependence� or vanish because of vanishing current den-
sity. Carrying out the time integration and neglecting the
electron mass compared with the ion mass, we find from the
y component of Eq. �8�



0

zb

Jyidz = 

0

zb

Jy0idz , �11�

where zb is the boundary location, which can be replaced by
infinity because of the rapid decrease of the integrands for
large z. �In this approximation, Eq. �9� is satisfied identi-
cally.� Equation �11� means that in Fig. 6, the area under the
full and broken red curves must be approximately equal. This
is the case within an error near 1%. As the equality of the
areas is not reached in the external region �there the area
below the full red curve is considerably larger than the area
below the broken red curve�, this condition requires a con-
siderable reduction of the Jyi curve inside the ion region.
Note that at the center Jyi dips below Jy0i to satisfy Eq. �11�.
This explains the pronounced dip in the ion current density
and thereby its bifurcation. Again, the ion current bifurcation
structure is thin, because it is within the ion region.

Equation �11� implies further that any increase of the
integrated current due to the compression must be carried by
the electrons.38 This is consistent with the large peaks of the
electron current density in Fig. 6. As in the case of the total
current density, the electron current bifurcation can be di-
rectly related to the effect of electric shielding. In the ion
region, the electron current is dominated by the electron Hall
current density −enEz /Bx �Fig. 10�. The shielding effect as
discussed above implies that dEz /dz=0 at the origin so that
the Hall current vanishes there. This causes two pronounced
maxima in the electron Hall current, which becomes the
dominant feature of the electron current. To suppress un-
physical excursions in the small magnetic field region near
the origin, the Hall curve in Fig. 10 has been modified by
artificially setting the Hall current density to zero for �z �
	0.5. This is motivated by the smallness of Ez �on average�
in that region and the corresponding flatness of the potential;
both features are evident in Fig. 7.

FIG. 8. The electric current density initially and after 400 Alfvén times.

FIG. 9. The magnetic field component Bx initially and after 400 Alfvén
times.
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At the center the electron current density stays above its
initial value �Fig. 6�. This can be understood from Eq. �7�
together with the fact that Jyi	Jy0i, as discussed above.

The bifurcation of Jy and Jyi can also be understood from
a more general point of view. This is shown in the Appendix,
where sufficient criteria for current bifurcation are derived.
The bottom line is that under rather general conditions, cur-
rent bifurcation will develop as a result of �quasisteady�
compression of a sufficiently wide sheet with an initial singly
peaked current density.

D. Pressure tensors

Here we show that several qualitative features of the
pressure tensor components can also be understood by prop-
erties of the moment equations.

One remarkable feature is the flat top of the ion pressure
tensor component pzzi in Fig. 5. The curvature of the curve
pzzi�z� at z=0 is even smaller than the corresponding initial
curvature. This feature is directly related to the ion current
bifurcation. To see this, we start from the ion momentum
balance

− pzzi� + enEz − JyiBx = 0, �12�

where the prime indicates differentiation with respect to z.
Evaluating the derivative of that equation at z=0 and, in
view of electric shielding, setting Ez and its derivative to
zero at the origin, we obtain

pzzi� �0� = − Jyi�0�Jy0�0� , �13�

where we have replaced the derivative of Bx by the current
density and used the property �7�. Dividing Eq. �13� by the
corresponding equation for the initial state gives

pzzi� �0�
pzz0i� �0�

=
Jyi�0�
Jy0i�0�

. �14�

Since, as we have seen, the ion bifurcation dip brings the ion
current density below its initial value at the origin, the sec-
ond derivative of pzzi at z=0 becomes smaller than the cor-
responding initial quantity. This explains the flat top of pzzi in
Fig. 5. There is no corresponding flattening for the electrons
because, at the origin, the electron current density stays
above its initial value so that the central curvature of pzze

increases compared with the initial curvature.
Another interesting aspect concerns pressure anisotropy.

Specializing the Vlasov moment equation for the pressure
tensor �see, for example, Ref. 20� for the present quasisteady
state conditions and assuming negligible heat flux, we find

pzz − pyy

pzz
= �

1

Bx

dvy

dz
, �15�

where the plus �minus� sign corresponds to the ions �elec-
trons�. So, for each species the pressure anisotropy is directly
related to the gradient of the bulk velocity. The ion bulk
velocity has a dip that is associated with the dip of the ion
current density. �The density does not show a dip.� The cor-
responding derivative dvyi /dz is positive for z
0 and its
effect is enhanced near the origin because of Bx becoming
small. The result is the ion anisotropy as shown in Fig. 5. A
corresponding argument holds for the electrons.

IV. SUMMARY AND DISCUSSION

In this paper, we have investigated the quasisteady com-
pression of an initially wide current sheet in the collisionless
plasma regime. We presented results from an electromag-
netic particle simulation of a plane configuration. The current
sheet, that initially had a Harris-sheet profile of half-width
5c /�pi, developed a thin bifurcated current structure embed-
ded in the wide sheet. Thus, our results established quasi-
steady compression as an efficient mechanism for the forma-
tion of thin bifurcated current sheets.

For our detailed analysis, we chose a relaxed state as it
had developed after 400 Alfvén times. The compressed cur-
rent sheet showed three regions with distinctly different
properties. We identify these regions as the gyrotropic or
external region, the nongyrotropic ion region, and the non-
gyrotropic electron region with widths that are in reasonable
agreement with the corresponding bounce widths.

The double-peak structure of the current density is con-
fined to the ion region. In that sense, a thin embedded current
sheet has formed. Besides the bifurcation, we regard this
property as an important result also.

We have interpreted the simulation results with the aid of
Vlasov moment equations. We found that a single-scale com-
pression would be inconsistent with momentum conserva-
tion, so that an embedded separate structure must necessarily
develop. The bifurcation of the total current density can be
seen as an immediate consequence of electric field shielding
occurring inside the electron region. The ion current bifurca-
tion is best understood as a consequence of momentum con-
servation. Due to the electric shielding, the electron Hall cur-

FIG. 10. �Color� Shown are the electron current density after 400 Alfvén
times �Jye�, its corresponding gyrotropic model curve �Jye

g �, the electron Hall
current density �JHall

mod�, modified as explained in the text, and the initial
electron current density �Jy0e�.
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rent develops two sharp peaks that exceed the ion current
density. For total and ion current bifurcation, criteria were
derived in the Appendix. The pressure anisotropy in the vy,
vz plane can be linked to the derivative of the bulk velocities
of the electrons and ions associated with the bifurcation of
the current density. The flat top of the ion pressure pzzi is also
immediately related to ion bifurcation.

The topic of stability is beyond the scope of this paper.
Here we only remark that we expect that bifurcation has a
stabilizing effect, while the anisotropy might be destabiliz-
ing. This expectation is based on recent results by Matsui
and Daughton.39 For postulated equilibria, they found stabi-
lization by bifurcation and destabilization by anisotropy in
the regime where the perpendicular �with respect to the mag-
netic field� electron pressure exceeds the parallel electron
pressure, with agyrotropy also taken into account.

Our results suggest that the physical scale of the kinetic
substructure is the ion bounce width rather than the ion in-
ertial scale. Although these scales are not vastly separate in
our simulation, nor in many space applications, they may
differ significantly in other cases. For illustration consider a
Harris sheet, where the bounce width is given by �2La,
where L is the scale of the sheet and a is the asymptotic
gyroradius. Although a equals c /�pi in this case, for suffi-
ciently large L the ion bounce width can become large com-
pared with the ion inertial length.

The aim of this paper was to establish a basic mecha-
nism for the formation of thin bifurcated current sheets. A
simple configuration was chosen in order to keep the physics
transparent. We do not expect that our model reproduces ob-
served current sheets in any quantitative details. Neverthe-
less, it seems instructive to compare a few observed qualita-
tive properties with our simulation results. For bifurcated
current sheets, Runov et al.31 gave details of the number
density, the ion temperature, and the sum of magnetic and
ion pressure �their Fig. 6�. Of these quantities, only the cur-
rent density shows pronounced double peaks. This is consis-
tent with our simulation results if we identify their ion pres-
sure with pzzi. For instance, Fig. 6 shows pronounced ion
current bifurcation, while the ion pressure remains single-
peaked �Fig. 5�. We also find single peaks for the density and
for B2 /2+ pzzi. Another property emphasized by Runov
et al.31 is the local dominance of the electron current density;
our simulation indeed shows such a dominance at the elec-
tron current density peaks �Fig. 6�. Concerning the pressure
anisotropy, the situation is less clear. Asano et al.40 and
Runov et al.31 included a statistical analysis of pressure an-
isotropy, but they only distinguished between pressures par-
allel and perpendicular to the magnetic field, so that there is
no information on the in-plane anisotropy, which plays an
important role in our simulation. Asano et al.40 found cases
with the parallel pressure exceeding the perpendicular pres-
sure, but they are not preferred statistically. Further observa-
tions with improved time resolution seem necessary to
clarify the role of pressure anisotropy. Our results on the role
of the Hall current and, particularly, its contribution to the
electron current is in line with the view of all authors that we
have mentioned regarding this effect as well as others.

Our results clearly exhibit the limitations of the Harris

sheet model, which has been used in many investigations.
We have demonstrated that under fairly general conditions,
an initial wide Harris sheet that is forced into a phase of
quasisteady compression develops several non-Harris fea-
tures. In particular, a thin subregion arises with structures on
the ion and electron scales. In that subregion, the current
density becomes bifurcated, the pressure tensor develops a
significant anisotropy, and a Hall electric field occurs that
cannot be transformed away by a Galilean transformation. In
contrast to these complicated kinetic effects appearing in the
ion and electron regions, the response of the external region
remains simple and can be understood in terms of a gyrotro-
pic model. Also, we have shown that the formation of thin
current sheets accompanied by significant Hall electric fields
as previously found in two-dimensional configu-
rations14,16,18,19,21 is a fundamental process and does not re-
quire a second spatial dimension.

Several extensions of this work are desirable. In particu-
lar, this applies to exploring nonsymmetric configurations, to
admitting a second spatial dimension allowing for a normal
magnetic field component, and to investigating stability.
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APPENDIX: BIFURCATION CRITERIA

Here we derive sufficient criteria for bifurcation ex-
pressed by properties of the initial configuration and the elec-
tron and ion bounce widths de	di, which we assume to rep-
resent the widths of the ion and electron region, respectively.

First let us consider the total current density Jy�z�. We
assume quasistationary compression of a one-dimensional
Vlasov plasma with the same coordinate orientation, symme-
try, and composition as in the present simulation. Initially,
the current density uniformly approaches zero for sufficiently
large �z�, so that Jy0 becomes negligible at the boundary,
which for simplicity is placed at infinity, the integrated cur-
rent remaining finite. Further, Jy0 has a single extremum,
which by symmetry is located at z=0. Without loss of gen-
erality, we assume that Jy0 is positive �Fig. 11�. The instan-
taneous enhancement factor of the asymptotic magnetic field
is b
0. Based on properties of the simulation, we also as-
sume that Jy can be approximated by Jy

g �as defined in Eq. �6�
for each species� outside the ion region and that there is
electric field shielding in a finite region lying inside the elec-
tron region.

Let zc
0 be a critical location defined by the solution of
the equation

Jy
g�zc� = Jy0�0� . �A1�

Note that Eq. �A1� has a unique positive solution.
Under these conditions, the following bifurcation crite-

rion holds: If
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di 	 zc, �A2�

the current density Jy has at least two maxima in the region
�z � 	di.

The proof of this criterion is straightforward. The as-
sumptions and the condition di	zc imply that Jy�di�

Jy0�0�, see Fig. 11. Note that necessarily Jy�z� is mono-
tonic in z
di �thick line in Fig. 11�, as a consequence of the
monotonicity of Jy0 carried over to Jy

g. By electric shielding,
we have Jy�0�=Jy0�0�. Thus, continuity requires that there
must exist at least one maximum of Jy in z
0. Because of
the external monotonicity of Jy, that maximum must be lo-
cated in 0	z	di. Symmetry then ensures that there exist at
least two maxima in −di	z	di, which concludes the proof.

A similar criterion holds for bifurcation of the ion cur-
rent density. Imposing on Jy0i the same properties that were
formulated above for Jy0, let us define zci by

Jyi
g �zci� = Jy0i�0� . �A3�

The electric field shielding property is replaced by the
momentum balance condition �11�. Then the ion bifurcation
criterion is obtained in the following form: If

di 	 zci �A4�

and



di

�

�Jyi
g �z� − Jy0i�z��dz 
 0, �A5�

the current density Jy has at least two maxima in the region
�z � 	di.

First we note that both conditions are satisfied for suffi-
ciently small di. For the second condition, this is easily veri-
fied by noting that for di→0 the integral becomes �b
−1��0

�J0i�z�dz
0.
Similar to the procedure described above for bifurcation

of the total current density, we conclude from di	zci that
Jyi�di�
Jy0i�0�. Momentum balance �11� together with Eq.
�A5� gives



0

di

�Jyi�z� − Jy0�z��dz 	 0. �A6�

This means that in �0,di� there exists a point ẑ, such that
Jyi�ẑ�	Jy0i�ẑ�. Taking into account the assumption di	zci

and monotonicity of Jy0i for z
0, we can conclude from Eq.
�A6� that Jyi�ẑ�	Jyi�di�, which implies at least one maxi-
mum in 0	z	di. Again, by symmetry, a second maximum
exists for negative z, which proves the criterion.

For the present simulation, the conditions �A2�, �A4�,
and �A5� are fulfilled.

As the criteria derived above require the knowledge of
di, it is desirable to formulate the criteria in terms of initial
quantities alone. Fortunately, if the conditions �A2�, �A4�,
and �A5� are satisfied originally, they are satisfied in any
compressed state, as long as the compression does not de-
crease the magnetic field strength near the origin and Ez,
which also influences di, is negative so that the ions are
pulled toward the center. These are features of the present
simulation and should hold quite generally for current sheets
with the properties specified above.
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